In order to develop a practical method for the decomposition of intact chicken feathers, a moderate thermophile strain, Meiothermus ruber H328, having strong keratinolytic activity, was used in a bio-type garbage-treatment machine working with an acidulocomposting process. The addition of strain H328 cells (15 g) combined with acidulocomposting in the garbage machine resulted in 70% degradation of intact chicken feathers (30 g) within 14 d. This degradation efficiency is comparable to a previous result employing the strain as a single bacterium in flask culture, and it indicates that strain H328 can promote intact feather degradation activity in a garbage machine currently on the market.
Poultry feathers, generated by meat-processing industries, are an industrial waste problem world-wide, and most are disposed of by incineration. 1) In order to be more energy efficient and to reduce carbon dioxide and dioxin generation, alternative decomposition methods must be developed; this would be very beneficial to the global environment. Keratins, which are among the hardest-to-degrade animal proteins, are the major component proteins in poultry feathers and are characterized by a tightly packed form in -helices and -sheets with a high degree of disulfide bonds.
2) Due to this rigid structure of keratins, poultry feathers are insoluble, and hence are recognized to be extremely resistant to proteolytic attack.
Biodegradation employing microorganisms has several advantages, such as cost reduction, application to diverse degradable materials, and decreases in CO 2 generation. Although there have been many reports on keratindegrading bacteria, such as Bacillus licheniformis, 3) Streptomyces sp., 4) Lysobacter sp., 5) and Aspergillus fumigatus, 6) most of them utilize mesophiles, with the exception of thermophilic anaerobes. 7, 8) Thermophiles, in particular moderate thermophiles, are thought to be suitable tools for the decomposition of hard-to-degrade animal proteins, for the following reasons: First, microbial decomposition of such proteins generates heat during cultivation, and as a consequence, while thermophiles can preferentially grow at elevated temperatures, no pathogenic bacteria (mostly mesophiles) can grow in such an environment. Secondly, moderate thermophiles are superior to extreme thermophiles, since extreme thermophiles have an optimum growing temperature over 80 C and require far more energy for cultivation. Thirdly, the equipment needed for moderate thermophile cultivation is much simpler and cheaper than that needed for hyperthermophilic and/or anaerobic microorganisms. Recently, we reported that a newly isolated thermophilic bacterium, Meiothermus ruber H328, decomposed intact chicken feathers into amino acids and oligopeptides in a flask. 9) This strain is Gram-negative, aerobic, nonspore-forming, rod-shaped, and non-motile, and it grows optimally between the temperatures of 50-65 C. Aerobic cultivation with the moderately thermophilic strain H328 at 55 C for 6 d led to the apparently complete decay of completely intact feathers.
Acidulocomposting is a well-known garbage-treatment process utilizing a small reactor machine equipped with a heating and agitating apparatus. To obtain a better starter for acidulocomposting, a moderate thermophile with acidophilic collagenolytic activity, Alicyclobacillus sendaiensis, strain NTAP-1, was isolated. [10] [11] [12] [13] In acidulocomposting, the temperature is maintained between 50-70 C, and in the process of acidulocomposting, lactic acid bacteria become the predominant microorganisms, and the pH is maintained at about 4-6 for a long period (several years). Since the added garbage is degraded by a relatively low number of microorganisms, mainly lactic acid bacteria, the decomposed material can be thought as pathogen-free fertilizer or feed. Moreover, the microflora active in the process of acidulocomposting have been analyzed by molecular biological methods, such as PCR-DGGE, quantitative PCR, and fluorescence in situ hybridization analysis, while information on the microorganisms is confidential in most commercially available and bio-type garbage-treatment machines. To develop a practical decomposition method for intact chicken feathers further, our interest was focused on the use of acidulocomposting garbagetreatment machines currently available on the market, augmented by the concomitant use of strain H328 and acidulocomposting.
Meiothermus ruber H328 was cultured aerobically in YS medium (0.5% w/v yeast extract and 0.5% w/v sucrose, pH 8.0) at 60 C for 24 h, harvested by centrifugation, and stocked at À20 C until use. The bacterial cells (15 g wet weight) were dissolved in 200 ml the distilled H 2 O and added to the composting materials.
Chicken feathers were kindly supplied by a local poulterer, Kouhei Kawanaka (http://www.jidori.net/, Shiga, Japan) and were extensively washed with tap water and air-dried before use.
The acidulocomposting garbage-treatment machine employed in our experiments was the BioClean BC-02 (2 kg-type; Star Engineering, Ibaraki, Japan, http: //www.stareng.co.jp/index.html), as shown in Fig. 1A . This machine can treat a maximum of 3 kg of garbage per d. Its dimensions are 530 mm (width) Â 450 mm (depth) Â 780 mm (height) and 44 kg weight. An 8-min agitation period was alternated with a 24-min nonagitation interval. The agitation rate was 2 rpm. The temperature in the machine was maintained between 50-70 C for at least 14 d. The following three protocols for the decomposition of intact chicken feathers by strain H328 with BioClean BC-02 were tried: (i) the use of acidulocomposting but the absence of strain H328 cells, (ii) the absence of acidulocomposting but the use of strain H328 cells, and (iii) the use of both acidulocomposting and strain H328 cells. First, 2 kg of garbage containing various food residues was mixed with the base materials (5,000 ml) containing cedar-wood saw dust and strain NTAP-1 in BioClean BC-02, and this was incubated overnight. The garbage was confirmed to be completely degraded. Subsequently, 30 g of intact chicken feathers was added to a similar mixture in the absence (case (i)) or the presence (case (iii)) of strain H328 cells (15 g wet weight). The residual weights of chicken feathers were measured at 0, 1, 2, 3, 7, and 14 d. For case (ii), 30 g of intact chicken feathers was mixed with strain H328 cells (15 g wet weight) and the base materials (5,000 ml) containing only cedar-wood saw dust in BioClean BC-02 and this was incubated for 14 d. After removal of the base materials, the residual weights of chicken feathers were measured at 0, 1, 2, 3, 7, and 14 d.
In all cases, significant degradation of the chicken feathers was observed, but the extent of degradation varied, as shown in Fig. 2 . In case (i) (presence of acidulocomposting but absence of strain H328 cells), 80% of the intact chicken feathers remained even after 14 d incubation, suggesting that acidulocomposting has little keratinolytic activity. In the presence of strain H328 cells but the absence of acidulocomposting (case The decomposition of intact chicken feathers by acidulocomposting and/or strain H328 was performed using the following three protocols: case (i), acidulocomposting without strain H328 cells, (closed squares), case (ii), no acidulocomposting, but with strain H328 cells (closed triangles), and case (iii), combined use of acidulocomposting and strain H328 cells (closed circles) between day 0 and day 14.
(ii)), approximately 40% of the intact chicken feathers was degraded within 2 d, but no further degradation occurred. In contrast, in case (iii) (use of acidulocomposting and presence of strain H328 cells), the degradation of chicken feathers was most effective for 3 d, and occurred continuously for at least 14 d, at which point about 70% of the intact chicken feathers were decomposed. This degradation pattern is in contrast with that found in the previous study, in which faster degradation of intact feathers was observed in the latter half of culture for 6 d. 9) Even in the alkaline medium of the flask culture, strain H328 grew for 2 d to the maximum, and then cell death gradually occurred. The cells added to the acidulocomposting most likely exerted a degradative function due to proteolytic enzymes under the acidic conditions. Furthermore, as shown in Fig. 1B , feather rachises were not efficiently degraded in case (iii), probably due to their hard structure, although they were almost decomposed in a flask. 9) In a previous study, the use of strain H328 resulted in more than 55% of total keratin proteins being solubilized from intact chicken feathers into either free amino acids or soluble oligopeptides. 9) Although there was a difference in the culture methods (liquid culture in flask and semi-solid culture), strain H328 was found to have an equivalent ability to decompose intact chicken feathers in the garbage-treatment machine.
In this study, we demonstrated a practical method for the decomposition of intact chicken feathers by the concomitant use of a moderate thermophile, strain H328, combined with a bio-type, acidulocomposting garbagetreatment machine. To our knowledge, this decomposition method for intact chicken feathers is one of the most efficient at the practical level. Although it is unclear whether strain H328 cells or keratinolytic enzymes secreted were critical to degradation, the present study indicates that strain H328 cells contribute to intact feather degradation. Further studies are needed to confirm the utility and sustainability of this decomposition system. We are planning experiments on the following lines: First, the optimum pH for this decomposition system should be determined and used throughout decomposition. The optimum pH for strain H328 was in the range of 7.5-9.5, while lactic acid bacteria, major microorganisms in acidulocomposting, have an acidic optimum pH. Secondly, microflora in the process of decomposition should be analyzed to follow changes in the population of strain H328 by molecular biological quantification. Thirdly, a larger scale study with a longer study period to measure the decomposition of intact chicken feathers will be performed. Fourthly, the optimal time to apply intact chicken feathers to the acidulocomposting garbage-treatment machine will be determined.
